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VHOHFWHGXVHUV:HDUHLQWHUHVWHGLQDOLQHDU=)UHFHLYHUZKLFKFDQ
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W = H† = HHH
−1
H
H . 
7KHQDIWHUXVLQJWKHGHWHFWRUWKHUHFHLYHGVLJQDODWWKH%6LV
y = pkWHx + Wn . 
/HW XV FRQVLGHU HTXDOSRZHU DOORFDWLRQ EHWZHHQ XVHUV LH
p = (Pt/k) LQ ZKLFK Pt GHQRWHV WKH WRWDO SRZHU 7KH DFKLHYDEOH
VXPUDWHRIWKHV\VWHPLVREWDLQHGDV
R = ∑
k = 1
Ks
log2 1 +
p |wkhk|
2
1 + ∑i = 1, i ≠ k
K
p |wkhi|
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, 
ZKHUH wk DQG hk DUH UHVSHFWLYHO\ WKH NWK URZV RI WKH PDWUL[
W = [w1
T, w2
T, …, wKs
T ]T DQG WKH NWK FROXPQ RI
H = [h1, h2, …, hKs]
*HRPHWU\EDVHGVWRFKDVWLFFKDQQHOPRGHO
,Q *6&0V WKH GRXEOH GLUHFWLRQDO FKDQQHO LPSXOVH UHVSRQVH LV D
VXSHUSRVLWLRQRI03&V7KHFKDQQHOLVJLYHQE\>@
h(t, τ, ϕ, θ) = ∑
j = 1
NC
∑
i = 1
Np
ai, jδ(ϕ − ϕi, j)δ(θ − θi, j)δ(τ − τi, j), 
ZKHUH Np GHQRWHV WKH QXPEHU RI 03&V W LV WLPH τ GHQRWHV WKH
GHOD\δGHQRWHVWKH'LUDFGHOWDIXQFWLRQDQGϕDQGθUHSUHVHQWWKH
'R$ DQG GLUHFWLRQ RI GHSDUWXUH 'R' UHVSHFWLYHO\ 6LPLODU WR
>@ ZH JURXS WKH 03&V ZLWK VLPLODU GHOD\ DQG GLUHFWLRQV LQWR
FOXVWHUV7KUHHNLQGVRIFOXVWHUVDUHGHILQHG ORFDOFOXVWHUV VLQJOH
FOXVWHUVDQG WZLQFOXVWHUV/RFDOFOXVWHUVDUH ORFDWHGDURXQGXVHUV
DQGWKH%6ZKLOHVLQJOHFOXVWHUVDUHUHSUHVHQWHGE\RQHFOXVWHUDQG
WZLQFOXVWHUVDUHFKDUDFWHULVHGE\WZRFOXVWHUVUHODWHGUHVSHFWLYHO\
WR WKH XVHU DQG %6 VLGH DV VKRZQ LQ )LJ  $ ORFDO FOXVWHU LV D
VLQJOHFOXVWHUWKDWVXUURXQGVDXVHUVLQJOHFOXVWHUVFDQDOVRRFFXULQ
D GLIIHUHQW SRVLWLRQ 7ZLQ FOXVWHUV FRQVLVW RI D OLQNHG SDLU RI
FOXVWHUVRQHRIZKLFKGHILQHVWKHDQJOHVRIGHSDUWXUHRIPXOWLSDWKV
IURPWKHWUDQVPLWWHUZKHUHDVWKHRWKHUGHILQHVWKHDQJOHVRIDUULYDO
DW WKH UHFHLYHU >@ 7KHUH DUH D ODUJH QXPEHU RI FOXVWHUV LQ WKH
DUHD KRZHYHU MXVW VRPH RI WKHP FDQ FRQWULEXWH WR WKH FKDQQHO
7KHFLUFXODUYLVLELOLW\ UHJLRQ95GHWHUPLQHVZKHWKHU WKHFOXVWHU
LV DFWLYH RU QRW IRU D JLYHQ XVHU 7KH 03&
V JDLQ VFDOHV E\ D
WUDQVLWLRQIXQFWLRQWKDWLVJLYHQE\
AVR(r¯MS) =
1
2
−
1
π
arctan
2 2 Lc + dMS, VR − RC
λLc
, 
ZKHUH r¯MS LV WKHFHQWUHRI WKH95RC GHQRWHV WKH95 UDGLXVLC
UHSUHVHQWVWKHVL]HRIWKHWUDQVLWLRQUHJLRQDQGdMS, VRUHIHUVWRWKH
GLVWDQFHEHWZHHQWKHPRELOHVWDWLRQV06VDQGWKH95FHQWUH)RU
DFRQVWDQWH[SHFWHGQXPEHURIFOXVWHUVNCWKHDUHDGHQVLW\RI95V
LVJLYHQE\
ρC =
NC − 1
π RC − LC
2 . 
$OO FOXVWHUV DUH HOOLSVRLGV LQ WKH HQYLURQPHQW DQG FDQ EH
FKDUDFWHULVHG E\ WKH FOXVWHU VSDWLDO GHOD\ VSUHDG HOHYDWLRQ VSUHDG
DQG D]LPXWK VSUHDG 2QFH WKH SRVLWLRQV RI WKH %6 DQG XVHUV DUH
IL[HGZHQHHGWRGHWHUPLQHWKHSRVLWLRQVRIWKHFOXVWHUVLQWKHDUHD
E\ JHRPHWULFDO FDOFXODWLRQV )RU WKH ORFDO FOXVWHUV ZH FRQVLGHU D
FLUFOH DURXQG WKH XVHUV DQG WKH %6 VR WKDW WKH VL]H RI WKH ORFDO
FOXVWHU FDQ EH FKDUDFWHULVHG E\ WKH FOXVWHU GHOD\ VSUHDG aC
HOHYDWLRQ VSUHDG hC DQG WKH SRVLWLRQ RI 03&V >@ )RU ORFDO
FOXVWHUV WKH FOXVWHU GHOD\ D]LPXWK DQG HOHYDWLRQ VSUHDGV FDQ EH
JLYHQE\
aC =
Δτc0
2
, D
bC = aC, E
hC = dC, BS tan θBS, F
ZKHUHc0GHQRWHV WKHVSHHGRI OLJKWdC, BS LV WKHGLVWDQFHEHWZHHQ
WKHFOXVWHUDQGWKH%6ΔτUHIHUVWRWKHGHOD\VSUHDGDQGθBSLVWKH
HOHYDWLRQVSUHDGVHHQE\WKH%67KHGHOD\VSUHDGDQJXODUVSUHDGV
DQG VKDGRZ IDGLQJ DUH FRUUHODWHG UDQGRP YDULDEOHV DQG IRU DOO
NLQGVRIFOXVWHUVDUHJLYHQE\>@
Δτc = μτ
d
1000
1/2
10στ(Zc/10), D
)LJ௒*HQHUDO GHVFULSWLRQRI WKH FOXVWHUPRGHO7KH VSDWLDO VSUHDGV IRU
WKHFWKFOXVWHUDUHJLYHQ

 ,(70LFURZ$QWHQQDV3URSDJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
βc = τβ 10
σβ(Yc/10), E
Sm = 10
σs(Xc/10), F
ZKHUHΔτcUHIHUVWRWKHGHOD\VSUHDGβcGHQRWHVDQJXODUVSUHDGDQG
Sm LV WKH VKDGRZ IDGLQJ RI FOXVWHU F 0RUHRYHU Xc Yc DQG Zc
GHQRWH FRUUHODWHG UDQGRP YDULDEOHV ZLWK ]HUR PHDQ DQG XQLW
YDULDQFH&RUUHODWHGUDQGRPSURFHVVFDQEHFRPSXWHGE\&KROHVN\
IDFWRULVDWLRQ>@&KROHVN\IDFWRULVDWLRQFDQEHXVHGWRJHQHUDWHD
UDQGRPYHFWRUZLWKDGHVLUHGFRYDULDQFHPDWUL[ >@7KH03&V¶
SRVLWLRQV FDQ EH GUDZQ IURP WKH WUXQFDWHG *DXVVLDQ GLVWULEXWLRQ
JLYHQE\>@
f (r) =
1
2πσr, o
2
exp −
r − μr, o
2σr, o
2
|r | ≤ rT
0 otherwise,

ZKHUH rT GHQRWHV WKH WUXQFDWLRQ YDOXH )RU VLQJOH FOXVWHUV WKH
FOXVWHUGHOD\D]LPXWKDQGHOHYDWLRQVSUHDGVFDQEHJLYHQE\
aC = Δτc0/2, D
bC = dC, BS tanϕBS, E
hC = dC, BS tan θBS . F
7RJHWWKHIL[HGSRVLWLRQVRIWKHVLQJOHFOXVWHUVWKHUDGLDOGLVWDQFH
RIWKHFOXVWHUIURPWKH%6GUDZQIURPWKHH[SRQHQWLDOGLVWULEXWLRQ
>@
f (r) =
0 r < rmin
1
σr
exp − r −
rmin
σr
otherwise .

7R GHWHUPLQH WKH IL[HG SRVLWLRQ RI WKH FOXVWHU WKH DQJOH RI WKH
FOXVWHUFDQEHGUDZQIURPWKH*DXVVLDQGLVWULEXWLRQZLWKDVWDQGDUG
GHYLDWLRQσϕ, C)RUWKHWZLQFOXVWHUVIRUERWKWKH%6DQGXVHUVLGH
FOXVWHUVZHKDYH
aC =
Δτc0
2
, D
bC = dC, BS tanϕBS . E
)RUWKH%6VLGHFOXVWHUWKHHOHYDWLRQVSUHDGFDQEHJLYHQE\
hC = dC, BS tan θBS, 
ZKLOHIRUWKH06VLGHFOXVWHUZHKDYH
hC = dC, MS tan θMS . 
)LJ  JLYHV DQ H[DPSOH RI WKH JHRPHWU\ RI WKH &WK FOXVWHU )RU
WZLQFOXVWHUV WKHGLVWDQFHEHWZHHQWKHFOXVWHUDQGWKH%6DQGWKH
GLVWDQFHIURPWKH95FHQWUHDQGWKH06LVJLYHQE\>@
dC, BS tanΦC, BS = dC, MS tanΦC, MS . 
7KHGHOD\RIDFOXVWHULVUHSUHVHQWHGE\>@
τC = (dC, BS + dC, MS + dC)/c0 + τC, link, 
ZKHUH WKH JHRPHWULFDO GLVWDQFH EHWZHHQ WZLQ FOXVWHUV LV
UHSUHVHQWHGE\dCdC, MSGHQRWHVWKHJHRPHWULFDOGLVWDQFHEHWZHHQ
WKH XVHU DQG WKH FHQWUH RI WKH 95 dC, BS UHIHUV WR WKH GLVWDQFH
EHWZHHQWKH%6DQGWKHFOXVWHUDQGILQDOO\τC, linkLVWKHFOXVWHUOLQN
GHOD\ EHWZHHQ WKH WZLQ FOXVWHUV +HQFH WKH FOXVWHU SRZHU
DWWHQXDWLRQLVJLYHQE\>@
AC = max exp −kτ(τC − τ0) , exp −kτ(τB − τ0) , 
ZKHUHkτ GHQRWHV WKHGHFD\SDUDPHWHU DQGτB LV WKH FXWRII GHOD\
:H DVVXPH 5D\OHLJK IDGLQJ IRU WKH 03&V ZLWKLQ HDFK FOXVWHU
+HQFHWKHFRPSOH[DPSOLWXGHRIWKHLWK03&LQWKHMWKFOXVWHULQ
LVJLYHQE\
ai, j = LpAVR ACAMPC e
− j2π f cτi, j, 
ZKHUHLpLVWKHFKDQQHOSDWKORVVAMPCLVWKHSRZHURIHDFK03&
ZKLFKLVFKDUDFWHULVHGE\WKH5D\OHLJKIDGLQJGLVWULEXWLRQDQGτi, j
LVWKHGHOD\RIWKHLWK03&LQFOXVWHUMJLYHQE\>@
τi, j =
dMPCi, j, BS + dMPCi, j, MS
c0
+ τi, C, link . 
%\ DVVXPLQJ D IL[HG RUWKRJRQDO IUHTXHQF\GLYLVLRQ PXOWLSOH[LQJ
VXEFDUULHU ZH FDQ GURS WKH YDULDEOH τi, j IURP  )RU WKH QRQ
OLQHRIVLJKW 1/R6FDVHRI WKHPLFURFHOOVFHQDULR WKHSDWK ORVV
H[SUHVVLRQFDQEHJLYHQE\>@
L = 26log10 d + 20log10
4π
λ
, 
ZKHUHGDQGλGHQRWHWKHGLVWDQFHLQPHWUHVDQGWKHZDYHOHQJWK
LQPHWUHVUHVSHFWLYHO\
௑*HRPHWU\EDVHG86
,QWKLVVHFWLRQZHFRQVLGHUXVHUVFKHGXOLQJZLWK=)EDVHGRQWKH
SRVLWLRQRIFOXVWHUVDQGXVHUVLQWKHDUHD7RDYRLGDKXJHFKDQQHO
HVWLPDWLRQ ORDG LQ WKH XSOLQN RI D PDVVLYH 0,02 V\VWHP ZLWK
PDQ\XVHUVDQGDQWHQQDVZHSURSRVHWRHVWLPDWHRQO\WKHFKDQQHOV
RI WKH VHOHFWHG XVHUV 7KH UHGXFWLRQ LQ WKH DPRXQW RI FKDQQHO
HVWLPDWLRQ UHTXLUHG EHWZHHQ HDFK WUDQVPLW DQG UHFHLYH DQWHQQD LV
WKHLPSRUWDQWUHVXOWRIWKHSURSRVHGVFKHPH7KHJDLQDFKLHYHGE\
VHOHFWLQJ XVHUV ZLWK WKH VWURQJHVW FKDQQHO LV UHIHUUHG WR DV 08
GLYHUVLW\DQGUHTXLUHV&6,RIDOOXVHUV>@+RZHYHUZHSURSRVHD
QHZXVHUVHOHFWLRQVFKHPHZKLFKUHOLHVRQPD[LPLVLQJWKHQXPEHU
RI GLVWLQFW FOXVWHUV VHHQ E\ WKH VFKHGXOHG XVHUV ,Q WKH QH[W
VHFWLRQVZHSURYH WKDW WKHSURSRVHG VFKHPH UHVXOWV LQ OHVV LQWHU
XVHU LQWHUIHUHQFH DQG LQFUHDVHV WKH XVHUV¶ VLJQDOWRLQWHUIHUHQFH
SOXVQRLVHUDWLRDQGWKHV\VWHP
VVXPUDWH,QWKHIROORZLQJVHFWLRQ
ZHSUHVHQWDVFKHPHWRVHOHFWXVHUVZKLFKPD[LPLVHVWKHORQJWHUP
VXPUDWHDQGDVLWLVEDVHGRQWKHSRVLWLRQRIWKHXVHUVDQGGRHVQRW
QHHGWKHHVWLPDWHGFKDQQHORIDOOXVHUVLQWKHXSOLQNDQGKHQFHFDQ
EHDSUDFWLFDOXVHUVHOHFWLRQVFKHPHIRUODUJH0,02V\VWHPV)RU
WKLVFDVHWKHSHUIRUPDQFHDQDO\VHVDUHIRXQGLQWKHQH[WVHFWLRQ
3URSRVHG*86
,QWKLVVHFWLRQDQDOJRULWKPLVSURSRVHGIRULQFUHDVLQJWKHV\VWHP
WKURXJKSXW EDVHG RQ WKH JHRPHWU\ RI WKH V\VWHP DQG ZLWKRXW
HVWLPDWLQJ WKH FKDQQHOV RI DOO XVHUV LQ WKH DUHD 2QFH WKH VHW RI
DFWLYH XVHUV KDV EHHQ GHWHUPLQHG WKH UHFHLYHU %6 HVWLPDWHV WKH
FKDQQHOV RI WKH VHOHFWHG XVHUV DQG WKH XVHUV¶ WUDQVPLW GDWD 1H[W
WKH SHUIRUPDQFH RI WKH SURSRVHG XVHU VHOHFWLRQ DOJRULWKP WR
PD[LPLVH WKHVXPUDWH LVHYDOXDWHG ,Q ODUJH0,02V\VWHPVZLWK
ODUJH QXPEHUV RI XVHUV HVWLPDWLQJ WKH FKDQQHOV RI DOO XVHUV LW LV
SUDFWLFDOO\GLIILFXOW6RWKHSURSRVHGXVHUVFKHGXOLQJDOJRULWKPFDQ
EHDQHIILFLHQWZD\WRUHGXFHWKHRYHUKHDGRIFKDQQHOHVWLPDWLRQ
)LUVWZHJHQHUDWHWKHPDWUL[VDVWKHIROORZLQJHTXDWLRQ
V =
v1
1
v2
1 … vNC
1
v1
2
v2
2 … vNC
2
⋮ ⋮ ⋱ ⋮
v1
K v2
K … vNC
K
, 
ZKHUH
,(70LFURZ$QWHQQDV3URSDJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

vi
j = Lp, i
j
AVR, i
j
AC, i
j , 
ZKHUHLpjGHQRWHVWKHFKDQQHOSDWKORVVIRUXVHUMAVR, ij LVWKH03&
SRZHUDWWHQXDWLRQZKLFKLVDIXQFWLRQRIWKHGLVWDQFHEHWZHHQWKH
XVHULDQGWKHFHQWUHRIWKH95UHODWHGWRWKHMWKFOXVWHUDQGLVJLYHQ
E\DQGAC, ij GHQRWHVWKHFOXVWHUSRZHUDWWHQXDWLRQJLYHQE\
IRUWKHXVHU MDQGWKH LWKFOXVWHU6RWKHPDWUL[V LVDIXQFWLRQRI
WKH GLVWDQFH IURP WKH %6 WR XVHUV WKH GLVWDQFH RI WKH %6 IURP
FOXVWHUVDQGIURPXVHUVWRWKHFHQWUHRIWKH95
(?
$OJRULWKP*86DOJRULWKP
 ,QLWLDOLVHW0 = [1, …, K]S0 = ∅i = 1
 5HSHDWXQWLO|S0 | = Ks
 i = i + 1
 π(i) = arg maxk ∈ Wi − 1 f ( | |vk | | ) = arg maxk ∈ Wi − 1 | |vk | |
S0 ← S0 ∪ {π(i)}v^(i) = v(π(i))
 Wi = k ∈ Wi − 1, k ≠ π(i), |vkv^(i)T | / | |vk | | | |v^(i) | | < ϵh 
 ,I|W| = 0HQG
1RWHWKDWLQFUHDVLQJϵhDOORZVWKHXVHUVWRKDYHDODUJHUQXPEHU
RIVKDUHGFOXVWHUV,IWKHYDOXHRIϵhLVWRRKLJK$OJRULWKPVHOHFWV
XVHUVZLWKDODUJHQRUPDOLVHGFRUUHODWLRQZKLFKFDQUHGXFHWKHVXP
UDWHGXHWR WKH LQWHUIHUHQFH LQ WKHQXPEHURIVHOHFWHGXVHUV)RUD
ORZ ϵh WKH QXPEHU RI XVHUV LQ VHW V0 LQ VWHS  GHFUHDVHV DQG
$OJRULWKPVHOHFWVDVPDOOQXPEHURIXVHUV6XSSRVHW0FRQWDLQV
XVHU LQGLFHV FRQVLGHUHG LQ WKH SURSRVHG DOJRULWKP )LQDOO\ S0
FRQWDLQVKs = |S0|LQGLFHVRIWKHVHOHFWHGXVHUV
௑3HUIRUPDQFHDQDO\VLV
,ISHUIHFW&6,LVDYDLODEOHDWWKH%6DQGDVVXPLQJ*DXVVLDQLQSXW
WKHHUJRGLFFDSDFLW\LVJLYHQE\
C = E log2 det I +
Pt
Ks
HH
H , 
ZKHUHWKHWHUPPt/Ks LVGXHWR WKHHTXDOSRZHUDOORFDWLRQ I LVDQ
LGHQWLW\PDWUL[DQGWKHFKDQQHOPDWUL[LVJLYHQDWWKHERWWRPRIWKLV
SDJH ZKHUHC(K) GHQRWHV WKH FOXVWHUV VHHQ E\ WKH NWK XVHU DQG
α = − 2π(d /λ)ZKHUHGGHQRWHVWKHVSDFLQJEHWZHHQWZRDQWHQQD
HOHPHQWV,Q*6&0VFRPPRQFOXVWHUVFDQUHGXFHWKHUDQNRIWKH
FKDQQHODQGWKHFDSDFLW\RIWKHV\VWHPHVSHFLDOO\DWILQLWHVLJQDO
WRQRLVH UDWLR 615 7KHVH FRPPRQ FOXVWHUV DOVR DIIHFW WKH
PXOWLSOH[LQJ JDLQ RI WKH V\VWHP )LJ  LOOXVWUDWHV WKH FRQFHSW RI
FRPPRQDQGGLVWLQFWFOXVWHUV:KHQWKHQXPEHURIREMHFWV LV OHVV
WKDQWKHQXPEHURI%6DQWHQQDVDQGDOOREMHFWVDUHVKDUHGEHWZHHQ
WKHXVHUVDFKLHYLQJPD[LPXPPXOWLSOH[LQJJDLQLVLPSRVVLEOH>
@
)RUHDVHRIPDWKHPDWLFDOWUDFWDELOLW\ZHDQDO\VHWKHFDSDFLW\RI
DFRUUHODWHGWKUHHXVHUXSOLQNXVLQJDQXSSHUERXQG,QWKHFDVHRI
DODUJHQXPEHURIDQWHQQDVDWWKH%6WKHFDSDFLW\XSSHUERXQGFDQ
EHDFKLHYHGLQWKHFDVHRIGLVWLQFWFOXVWHUV1RWHWKDWLQWKHFDVHRI
D ODUJH QXPEHU RI WUDQVPLW DQWHQQDV WKH HOHPHQWV RI HHH
FRQYHUJH WR WKH FRUUHODWLRQ PDWUL[ VR WKDW R ≃ HHH +HQFH ZH
KDYH
C = E log2 det I +
Pt
K
H
H
H
≃ log2 det I +
Pt
K
R ,

VHHZKHUH5LVWKHFKDQQHOFRUUHODWLRQPDWUL[DQGLVJLYHQE\
R = E HHH =
1 r12 r13
r12
∗ 1 r23
r13
∗
r23
∗ 1
, 
ZKHUH
r12 = E h1
H
h2 = ζ12 e
jβ12, D
r13 = E h1
H
h3 = ζ13 e
jβ13, E
r23 = E h2
H
h3 = ζ23 e
jβ23 . F
7KHWHUPr12FDQEHJLYHQE\VHHZKHUHai, jWKHDPSOLWXGHRI
WKH L03&VLQFOXVWHU M LVJLYHQE\DQGWKHWHUPVr13DQGr23
FDQEHGHULYHG LQ WKH VDPHZD\%\ VXEVWLWXWLQJ WKH WHUPV r12 r13
DQGr23LQWRWKHFDSDFLW\PD[LPLVDWLRQSUREOHPLQDWKUHHXVHU
VFHQDULRFDQEHIRUPXODWHGDV
C = max
ζ12, ζ13, ζ23β12, β13, β23
log2 (1 + p)
3 − p2 ζ12
2 + ζ13
2 + ζ23
2
+p3 2ζ12ζ13ζ23 sin(β12 − β13 + β23) − ζ12
2 − ζ13
2 − ζ23
2 ,

ZKHUH p = (Pt/K) 7R PD[LPLVH  WKH JUDGLHQW VHDUFK PHWKRG
UHVXOWVLQζ12 = ζ13 = ζ23 = 0IRUGLIIHUHQWYDOXHVRIβ12β13DQGβ23
ZKLFKLVWKHFDVHZKHQFRPPRQFOXVWHUVGRQRWRFFXUEHWZHHQWKH
XVHUVLQWKHFHOO,QWKHFDVHRIGLVWLQFWFOXVWHUVEHWZHHQXVHUPDQG
XVHUQZHKDYH
rClζmn = E ∑
j ∈ C(n)
∑
i = 1
Np
ai, j ∑
l ∈ C(m)
∑
g = 1
Np
ag, l
∗ = 0. 
(TXDWLRQ\LHOGVζmn = 0ZKLFKPD[LPLVHVWKHFDSDFLW\JLYHQ
E\
)RUWKHFDVHRIPDVVLYH0,02V\VWHPVZLWKDODUJHQXPEHURI
XVHUVLQWKHFHOOKDYLQJGLVWLQFWFOXVWHUVIRUDOOXVHUVLVSUDFWLFDOO\
GLIILFXOW,QDUHDOVFHQDULRLWLVQRWSRVVLEOHWRIRUFHWKHWHUPζmn
)LJ௒([DPSOHRIXVHUVFRPPRQFOXVWHUZKLFKFDXVHVFRUUHODWLRQ

H =
∑ j ∈ C(1)∑i = 1
Np
ai, j ∑l ∈ C(2)∑i = 1
Np
ai, l … ∑m ∈ C(K)∑i = 1
Np
ai, m
∑ j ∈ C(1)∑i = 1
Np
ai, j e
jα sinϕi, j ∑l ∈ C(2)∑i = 1
Np
ai, l e
jα sinϕi, l … ∑m ∈ C(K)∑i = 1
Np
ai, m e
jα sinϕi, m
⋮ ⋮ ⋱ ⋮
∑ j ∈ C(1)∑i = 1
Np
ai, j e
jα(M − 1)sinϕi, j ∑l ∈ C(2)∑i = 1
Np
ai, l e
jα(M − 1)sinϕi, l … ∑m ∈ C(K)∑i = 1
Np
ai, m e
jα(M − 1)sinϕi, m,

 ,(70LFURZ$QWHQQDV3URSDJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
]HUR7KHSURSRVHGXVHUVFKHGXOLQJDOJRULWKPVHOHFWVXVHUVZKLFK
GRQRWKDYHFRPPRQFOXVWHUVDQGFRQVHTXHQWO\IRUFHVWKHYDULDEOH
ζmnWREHVPDOO$WKUHVKROGLVVHWIRUWKHSRZHURIDFOXVWHUWREH
FRQVLGHUHGDFWLYH,QWKH&267FKDQQHOPRGHOHDFKXVHULQWHUDFWV
ZLWKVHYHUDOFOXVWHUVLQWKHDUHDDQGWKHFOXVWHUSRZHUGHSHQGVRQ
WKH GLVWDQFH EHWZHHQ WKH XVHU DQG WKH FHQWUH RI 95 DQG DOVR WKH
GLVWDQFH EHWZHHQ WKH FOXVWHU DQG WKH %6 :H GHILQH D WKUHVKROG
ZKLFKFDQGHWHUPLQHWKHPLQLPXPSRZHU WKDWDFOXVWHUPD\KDYH
UHODWLYH WR WKH WRWDO SRZHUV $V LQ >@ ZH VHW WKH FOXVWHU SRZHU
WKUHVKROGWR0.01 ×WRWDOSRZHUIRUDFOXVWHUWREHDFWLYH$FOXVWHU
LV VKDUHG EHWZHHQ WZR XVHUV LI FRQWULEXWHV WR ERWK XVHUV ZKLFK
PHDQV WKH FOXVWHU SRZHUV VHHQ E\ WKH XVHUV DUH PRUH WKDQ WKH
WKUHVKROG+HQFH WKHRSWLPXPYDOXHRIζmnFDQEHDFKLHYHGRQO\
ZKHQWKHUHLVQRFRPPRQFOXVWHULQWKHFHOO
௑5REXVWQHVV RI WKH SURSRVHG XVHU VFKHGXOLQJ
DOJRULWKP
&OXVWHUORFDOLVDWLRQ
7KH%6FDQHVWLPDWHWKH'R$>@DQGKHQFHWKHGLUHFWLRQRIWKH
VFDWWHULQJ REMHFWV VKRXOG EH DYDLODEOH DW WKH %6 7KHUH LV D ZHOO
NQRZQ DOJRULWKP WR HVWLPDWH WKH GHOD\ 'R$ DQG WKH 'R' RI WKH
FKDQQHOSDWKV6$*(EDVHGDOJRULWKP>@$VDUHVXOWWKH%6
FDQLGHQWLI\WKHGLUHFWLRQRIWKHFOXVWHUVZKLFKFDQEHVHHQE\WKH
XVHUVLQWKHFHOODUHDDQGKHQFHEXLOGXSDPDSRIWKHORFDWLRQRI
WKH VFDWWHULQJ REMHFWV 7KH FRQYHQLHQW WRRO WKDW KDV RYHUFRPH WKH
FKDOOHQJHRIPDNLQJ WKHSRVLWLRQRI WKH VFDWWHUHUV DYDLODEOH LV WKH
XVH RI HQYLURQPHQW PDSV >@ ZKLFK DOVR VKRZV KRZ PHDVXUHG
DQJOHV RI DUULYDO FDQ EH LGHQWLILHG ZLWK SK\VLFDO REMHFWV LQ WKH
HQYLURQPHQW DQG KHQFH FDQ EH ORFDWHG RQ WKH PDS 6XFFHVVLYH
LQWHUIHUHQFH FDQFHOODWLRQ KDV DOVR EHHQ LQWURGXFHG LQ >@ IRU
VFDWWHULQJ REMHFW LGHQWLILFDWLRQ LW XVHV WKH FKDQQHO LPSXOVH
UHVSRQVH SHDNV LQ WKH GHOD\ GRPDLQ WR PDS VFDWWHUHUV WR WZR
GLPHQVLRQDOFRRUGLQDWHV
5REXVWQHVV
7R VWXG\ WKH UREXVWQHVV RI WKH SURSRVHG DOJRULWKP WR FOXVWHU
ORFDOLVDWLRQHUURUZHXVHWKHZHOONQRZQ6$*(DOJRULWKP>@
RSHUDWLQJ RIIOLQH DV PHQWLRQHG DERYH ,Q FOXVWHU ORFDOLVDWLRQ ZH
FRQVLGHU D UHFHLYHU %6 ZLWK DQ DQWHQQD DUUD\ FRQVLVWLQJ RI 0
VHQVRUV ORFDWHG DW D UHIHUHQFH SRLQW > @ 0RUHRYHU ZH
FRQVLGHU SODQDU ZDYHIURQWV 7KH FORVHGIRUP &UDPHU±5DR ORZHU
ERXQG&5/%IRU WKHGHOD\D]LPXWK νDQGHOHYDWLRQ θRI WKH
SDWKDUHJLYHQE\>@
CRLB(τ) =
1
γO
1
8π2BW
D
CRLB(θ) =
1
γO
M
2Δ cos(ν) E
CRLB(ν) =
1
γO
M
2Δ
, F
ZKHUH%:LVWKHEDQGZLGWKDQG
Δ = 4π2
d
λ
2 7
3
Mx
3 − 8Mx
2 +
29
3
Mx − 4 , 
DQG
γO = M × I × N × | f (ν) |
2
γI, 
ZKHUH,LVWKHQXPEHURISHULRGVRIWKHUHFHLYHGVLJQDO1GHQRWHV
WKHOHQJWKRIWKHXVHGSVHXGRQRLVHVRXQGLQJVHTXHQFHDYDLODEOHDW
WKHUHFHLYHUDQGγILVWKH615DWWKHLQSXWRIHDFKDQWHQQD>@
0RUHRYHUWKHDQWHQQDHOHFWULFILHOGSDWWHUQFDQEHJLYHQE\>@
f (ν) = 0.67 + 2.67ν − 6.79ν2 + 5.7ν3 − 1.71ν3 . 
7KH GLVWDQFH EHWZHHQ WKH %6 DQG FOXVWHU dBS, C LV JLYHQ E\
JHRPHWULFDOFDOFXODWLRQ
cτ − dBS, C
2 = hBS − hMS + dBS, C sin(ν)
2
+ dBS, MS − dBS, C cos(ν)cos(θ)
2,

ZKHUH F GHQRWHV WKH YHORFLW\ RI OLJKW dBS, MS LV WKH GLVWDQFH
EHWZHHQWKHXVHUDQGWKH%6LQWKHx − ySODQHDQGhBSDQGhMSDUH
WKH%6DQGXVHUKHLJKWV7KHGLVWDQFHEHWZHHQWKHXVHUDQGFOXVWHU
LVHDVLO\JLYHQE\
dMS, C + dBS, C = cτ . 
$IWHU WKHRIIOLQHORFDOLVDWLRQ WKH%6FDQEXLOGXSWKHPDWUL[V~DW
WKHEHJLQQLQJRIHDFKWLPHVORWDVWKHIROORZLQJHTXDWLRQ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v
~
i
j = Lp
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VR, i
j
A
~
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j
, 
ZKHUHA~VR, ij DQGA~C, ij FDQEHFDOFXODWHGE\WKHGLVWDQFHVREWDLQHGLQ
)LQDOO\IRUWKHPDWUL[9WKHIROORZLQJHTXDWLRQKROGV
V = V
~
+ E, 
ZKHUHELVGXHWRWKHHVWLPDWLRQHUURULQFOXVWHUORFDOLVDWLRQ7KHQ
ZHXVH V~ LQVWHDGRI V LQ WKHSURSRVHG DOJRULWKP7KHQXPHULFDO
UHVXOWVYHULI\WKHUREXVWQHVVRIWKHSURSRVHGDOJRULWKPWRWKLVHUURU
௑1XPHULFDOUHVXOWVDQGGLVFXVVLRQ
,Q WKLV VHFWLRQ VLPXODWLRQ UHVXOWV KDYH EHHQ SURYLGHG WR YDOLGDWH
WKH SHUIRUPDQFH RI WKH SURSRVHG VFKHPHV ZLWK GLIIHUHQW
SDUDPHWHUV
6LPXODWLRQSDUDPHWHUVIRU&267FKDQQHOPRGHO
:H HYDOXDWH WKH WKURXJKSXW RI WKH V\VWHP DYHUDJLQJ RYHU 
LWHUDWLRQV $ VTXDUH FHOO ZLWK D VLGH OHQJWK RI 2 × R KDV EHHQ
FRQVLGHUHGVRWKDWZHFDOO5WKHFHOOVL]HDQGDOVRDVVXPHXVHUVDUH
XQLIRUPO\GLVWULEXWHGLQWKHFHOO$VLQ>@ZHDVVXPHWKDWWKHUHLV
QRXVHUFORVHUWKDQRth = 0.1 × R WRWKH%6:HVLPXODWHDPLFUR
FHOOHQYLURQPHQWIRUWKH1/R6FDVHDQGVHWWKHRSHUDWLQJIUHTXHQF\
r12 = E h1
H
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Np
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Np
ag, l
∗
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Np
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Np
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+⋯+ ∑
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Np
ai, j e
jα(M − 1)sinϕi, j ∑
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∑
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Np
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∗ e− jα(M − 1)sinϕg, l ,

,(70LFURZ$QWHQQDV3URSDJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

fC = 2GHz7KHH[WHUQDOSDUDPHWHUVDQGVWRFKDVWLFSDUDPHWHUVDUH
H[WUDFWHGIURPFKDSWHURI>@DQGFKDSWHURI>@7KH%6DQG
XVHUKHLJKWVDUHDVVXPHGWREHhBS = 5DQGhMS = 1.5UHVSHFWLYHO\
,Q  NC = 3 RC = 50 DQG LC = 20 0RUHRYHU ZH FRQVLGHU
NP = 6SDWKVSHUFOXVWHU
6LPXODWLRQUHVXOWV
)RU WKLV QHWZRUN VHWXS WKH DYHUDJH VXP UDWH LV HYDOXDWHG IRU WKH
WKUHHVFHQDULRV,QWKH*86VFKHPHLWKDVEHHQSURSRVHGWKDWWKH
UHFHLYHU %6 VHOHFWV XVHUV ZKLFK PD[LPLVH WKH QXPEHU RI GLVWLQFW
FOXVWHUV LQ WKH FHOO :H HYDOXDWH WKH DYHUDJH WKURXJKSXW RI WKH
*:&VFKHPH>@DQGUDQGRPVHOHFWLRQRIXVHUV)RUWKHFDVH
RI *:& VLPLODU WR >@ ZH VHW WKH RSWLPDO FKDQQHO GLUHFWLRQ
FRQVWUDLQW WR DFKLHYH WKH EHVW SHUIRUPDQFH IRU *:& VR WKH
FRPSOH[LW\RI*:&LVPXFKKLJKHUWKDQ*86
)LJGHSLFWVWKHDYHUDJHVXPUDWHZLWKWRWDOQXPEHURIUHFHLYH
DQWHQQDV DW WKH %6 M = 100 DQG 200 DQG WZR YDOXHV RI WKH
QXPEHU RI VHOHFWHG XVHUV Ks = 40 DQG 50 ZKLOH DGRSWLQJ WKH
SURSRVHG VFKHPH ZLWK =) UHFHLYHU $V H[SHFWHG VLQFH *:&
H[SORLWVSHUIHFW&6,LWKDVWKHEHVWWKURXJKSXW$VVHHQLQ)LJ
WKH SHUIRUPDQFH RI WKH SURSRVHG DOJRULWKP LV VOLJKWO\ ORZHU WKDQ
WKH FDVH LQ ZKLFK WKH %6 H[SORLWV IXOO &6, DQG SHUIRUPV *:&
,QWHUHVWLQJO\ IRU ELJJHU FHOOV WKH VXSHULRULW\ RI WKH SURSRVHG
VFKHPHLVPRUHREYLRXVLQWHUPVRIDFKLHYLQJSHUIRUPDQFHFORVHWR
WKDWRIWKH*:&VFKHPH
,Q)LJZHKDYHSORWWHGWKHDYHUDJHVXPUDWHIRUWKHFDVHRI
*:&DQG*86YHUVXV WRWDO QXPEHURI XVHUV LQ WKH FHOO .ZLWK
GLIIHUHQWQXPEHUVRIUHFHLYHDQWHQQDVDWWKH%60DQGRIVHOHFWHG
XVHUV Ks ,Q WHUPV RI DYHUDJH VXP UDWH )LJ  VKRZV WKDW WKH
SURSRVHG VFKHPH UHVXOWV LQ RQO\ D VPDOO VXP UDWH UHGXFWLRQ HYHQ
ZLWKDVPDOOHUWRWDOQXPEHURIXVHUV
7KHDPRXQWRIFKDQQHOHVWLPDWLRQ ORDGUHTXLUHG LQERWK*:&
DQGWKHSURSRVHG*86LVSUHVHQWHGLQ)LJ$VWKLVILJXUHVKRZV
WKH FKDQQHO HVWLPDWLRQ ORDG RI WKH SURSRVHG *86 LV IDU OHVV WKDQ
WKDWRIWKH*:&VFKHPH
7R LQYHVWLJDWH WKH UREXVWQHVV RI WKH SURSRVHG VFKHPH WR
GLIIHUHQWYDOXHVRIWKHHUURUZHVHW
|e | = Ω × CRLB(ρ), 
ZKHUH|e|GHQRWHVWKHDEVROXWHYDOXHRIWKHHVWLPDWLRQHUURUΩLVDQ
LQWHJHU QXPEHU DQGCRLB(ρ) LV JLYHQ E\ D±F ZKHUH WKH
SDUDPHWHUρFDQEHWKHGHOD\D]LPXWKDQGHOHYDWLRQ)LJVKRZV
WKHDYHUDJHVXPUDWHZLWK WRWDOQXPEHURI UHFHLYHDQWHQQDVDW WKH
%6 M = 400 DQG WZR YDOXHV RI WKH QXPEHU RI VHOHFWHG XVHUV
Ks = 10DQG40YHUVXVWKHYDOXHRIWKHHVWLPDWLRQHUURU:HVHWWKH
615 DW WKH LQSXW RI HDFK DQWHQQDγI = 20 dB DQGBW = 20MHz
0RUHRYHU LQ D±FMx = 5 N = 127 ZKLFK DUH H[WUDFWHG
IURP >@ 7KLV ILJXUH VKRZV WKH UREXVWQHVV RI WKH SURSRVHG
DOJRULWKPWRSRRUFOXVWHUORFDOLVDWLRQ
)LJ ௒ $YHUDJH VXP UDWH YHUVXV WKH FHOO VL]H IRU GLIIHUHQW YDOXHV RI
M = 200M = 100Ks = 50DQG40:HVHWWKHWRWDOQXPEHURIXVHUVLQWKH
FHOOK = 400

)LJ௒$YHUDJHVXPUDWHYHUVXVWRWDOQXPEHURIXVHUVIRUGLIIHUHQWYDOXHV
RIM = 200M = 100Ks = 5040R = 600mDQG1000m

)LJ௒&KDQQHO HVWLPDWLRQ ORDG YHUVXV YDOXHRI HUURURI DQWHQQDVDW WKH
UHFHLYHU%6IRUGLIIHUHQWYDOXHVRIWRWDOQXPEHURIXVHUVLQWKHFHOO

)LJ௒$YHUDJHVXPUDWHYHUVXVWKHHVWLPDWLRQHUURUIRUGLIIHUHQWYDOXHVRI
WRWDOQXPEHURIVHOHFWHGXVHUVLQWKHFHOODQGWKHFHOOVL]H

 ,(70LFURZ$QWHQQDV3URSDJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
௑&RQFOXVLRQV
:H KDYH LQYHVWLJDWHG WKH XVHU VFKHGXOLQJ SUREOHP LQ PDVVLYH
0,02 V\VWHPV DQG SURSRVHG D QHZ *86 VFKHPH ZKLFK
PD[LPLVHVWKHXSOLQNWKURXJKSXWRIWKHXVHUVFRQVLGHULQJWKH)''
PRGH%\DSSO\LQJNQRZOHGJHRIWKHORFDWLRQRIFOXVWHUVDQGXVHUV
DQGWKHJHRPHWU\RI WKHV\VWHPZHVXSSRVHWKDW WKH%6GRHVQRW
QHHG WR HVWLPDWH WKHFKDQQHOVRI DOO XVHUV DQG VHOHFWVXVHUVEDVHG
RQO\ RQ WKH ORFDWLRQ RI XVHUV DQG FOXVWHUV LQ WKH DUHD 1H[W
H[SORLWLQJ&5/%ZHKDYHGHYHORSHGDUREXVWQHVVDQDO\VLVIRUWKH
SURSRVHG VFKHPH 7KH UHVXOWV VKRZ WKDW ZKLOH VXP UDWH VOLJKWO\
GHFUHDVHVDORQJZLWK WKH UHGXFHGRYHUKHDGRIFKDQQHOHVWLPDWLRQ
WKH SURSRVHG DOJRULWKP FDQ EH DQ HIILFLHQW VFKHPH WR UHGXFH WKH
FRPSOH[LW\ RI XVHU VFKHGXOLQJ LQ PDVVLYH 0,02 V\VWHPV ,Q
DGGLWLRQ WKH VLPXODWLRQ UHVXOWV GHPRQVWUDWH JRRG UREXVWQHVV
DJDLQVWWKHHVWLPDWLRQHUURU
௑5HIHUHQFHV
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SS±
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